Cancer metastasis is responsible for over 90% of breast cancer-related deaths, and inhibiting lymph node metastasis is an option to treat metastatic disease. Herein, we report the use of IR-780-loaded polymeric micelles (IPMs) for effective photothermal therapy (PTT) of breast cancer lymphatic metastasis. The IPMs were nanometer-sized micelles with a mean diameter of 25.6 nm and had good stability in simulated physiological solutions. Under 808-nm laser irradiation, IPMs exhibited high heat-generating capability in both in vitro and in vivo experiments. After intravenous injection, IPMs specifically accumulated in the tumor and metastatic lymph nodes and penetrated into these tissues. Moreover, a single IPMs treatment plus laser irradiation significantly inhibited primary tumor growth and suppressed lymphatic metastasis by 88.2%. Therefore, IPMs are an encouraging platform for PTT applications in treatment of metastatic breast cancer.
Introduction
Cancer metastasis, rather than the primary tumor, is the leading cause of the high mortality of breast cancer patients [1] [2] [3] [4] [5] . Metastasis refers to the spread of cancer cells from the primary tumor into the circulatory system and colonization at distant organs [2, 3, 6] . During the metastatic process, lymph nodes near the primary tumor are usually the most frequent sites where cancer cells are disseminated [6] [7] [8] [9] [10] . Accordingly, inhibiting lymphatic metastasis in breast cancer is an option for treating metastatic disease.
Photothermal therapy (PTT) is a newly developed therapeutic modality in cancer treatment, which has attracted increasing attention in treating metastatic cancer [11] [12] [13] [14] [15] [16] [17] . In PTT, near-infrared (NIR) laser absorbing agents can be used to generate hyperthermia with NIR laser irradiation for thermal ablation of cancer cells. PTT thus has the unique advantages of minimal invasiveness, high specificity and favorable efficiency [12] . Many organic and inorganic nanomaterials have been designed for PTT application, but few nano-agents have been explored for treating lymphatic metastasis [12, 18, 19] . However, most current photothermal nano-agents are inorganic nanomaterials that are administered by local injection. Hence, their further application is restricted, owing to their nonbiodegradable nature, potential long-term toxicity and limited accumulation in metastatic lymph nodes [8, [19] [20] [21] . Therefore, photothermal nano-agents should be rationally designed to improve their potential applications of PTT for breast cancer lymphatic metastasis.
Recently, the NIR fluorescent dyes and their nano-agents have attracted increasing attention in PTT applications [7, 11, 13] . Typically, IR-780, a hydrophobic NIR fluorescence dye with a maximum absorbance at 780 nm, has strong light-absorbing abilities, thus making it an ideal candidate for PTT applications [22] [23] [24] . However, IR-780 is highly insoluble in water and readily aggregates in physiological solutions, thereby leading to inefficient heat-generating effects under NIR laser irradiation and interfering with PTT. To circumvent these draw-www.chinaphar.com He B et al Acta Pharmacologica Sinica backs, IR-780 can be loaded into nano-assemblies to improve the potential for PTT applications. However, the possible application of IR-780 loaded nano-agents to treat lymphatic metastasis in breast cancer has not yet been explored.
Herein, we report IR-780 loaded polymeric micelles (IPMs) with efficient tumor and lymph targeting abilities in for breast cancer lymphatic metastasis. IPMs were generated from 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) and IR-780 through a self-assembly technique. The in vitro physicochemical properties of the IPMs were characterized. The specific accumulation of IPMs in tumor and metastatic lymph nodes was evaluated in a lymphatic metastatic breast cancer model. Moreover, the in vivo therapeutic efficacy was evaluated to validate the effects on inhibiting lymphatic metastasis in breast cancer.
Materials and methods
Materials DSPE-PEG2000 was supplied by Shanghai Advanced Vehicle Technology Pharmaceutical Ltd (Shanghai, China). IR-780 iodide was obtained from Sigma-Aldrich (Shanghai, China). The 4T1 cancer cells were provided by the Shanghai Cell Bank, Chinese Academy of Science (CAS). Cells were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS, Gibco) at 37 °C in a humidified and 5% CO 2 incubator.
Nude mice (18-20 g, female) were provided by the Shanghai Laboratory Animal Center, CAS, and maintained in the animal care facility for acclimatization at least 3 d prior to the experiment. The lymph metastatic breast cancer model was induced by the subcutaneous injection of 5×10 5 4T1 cells into the footpad in nude mice. The in vivo evaluations of IPMs in the lymphatic metastatic tumor-bearing mice were performed 12 d after the inoculation. The experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai Institute of Materia Medica, CAS.
Preparation of IPMs
IPMs were prepared from DSPE-PEG and IR-780 through a self-assembly technique. In brief, DSPE-PEG2000 and IR-780 were dissolved in 1.0 mL of methanol and mixed by vortexing in a round flask. Then, the mixed solution was evaporated to dryness to form a thin film under reduced pressure (Heidolph Laborata 4000, Germany). Afterward, the thin film was dispersed in 1.0 mL of phosphate buffered solution (PBS, pH 7.4) by gentle shaking at room temperature. IPMs spontaneously formed, and the final concentration of IR-780 was 0.15 mg/mL. As a control, blank micelles of DSPE-PEG without IR-780 were prepared through the same procedure.
Characterization of IPMs
The IPMs morphology was detected under a field emission transmission electronic microscope (FE-TEM) (Tecnai G2 F20 S-Twin, FEI). Briefly, IPMs were diluted, negatively stained with 2% phosphotungstic acid solution (w/v, pH 5.8), and loaded on a copper grid. Then, the grid was rinsed with distilled water and dried under room temperature for further imaging under FE-TEM. The size distribution was evaluated by image analysis. Meanwhile, to avoid the interference of IR-780 in IPMs in the analysis by dynamic light scattering (DLS), the size distribution and zeta potential values of blank IPMs without IR-780 were measured on a Zetasizer Nano ZS 90 instrument (Malvern, UK).
Moreover, the encapsulation efficiency (EE) and drug loading of IR-780 in IPMs were determined via an ultrafiltration method (molecular cut-off, 3000 Da, Millipore). Free IR-780 was separated from IPMs by centrifugation at 12 000×g for 30 min (Biofuge Stratos, Thermo). The IR-780 level in the filtrate and IPMs was measured with a fluorescence spectrophotometer (Thermo Fisher Scientific Oy Ratastie2, FI-01620 Vantaa, Finland) for subsequent calculations.
In vitro stability measurements
To determine the stability of IPMs in the mimicked physiological solutions, IPMs were diluted 10 times with water, PBS (pH 7.4) and PBS (pH 7.4) containing 10% FBS (15 µg/mL of IR-780); then, they were incubated at 37 °C for 24 h. At predetermined time intervals, the encapsulation efficiency of IR-780 in IPMs was evaluated to determine the stability over time. The EE of IR-780 in IPMs was measured according to the methods described above. Moreover, the fluorescence intensities of these samples were analyzed with a fluorescence spectrometer (F4600, HITACHI, Japan) at specific time intervals.
In vitro photothermal efficiency
To evaluate the in vitro heat-generating capability, IPMs and free IR-780 in PBS (pH 7.4) (at 0.15 mg/mL) were used for the evaluations. For the preparation of free IR-780 in PBS (pH 7.4), 100 µL of free IR-780 in methanol (1.5 mg/mL) was mixed with 900 µL of PBS (pH 7.4). Meanwhile, 100 µL of free IR-780 in methanol (1.5 mg/mL) was diluted with methanol to prepare free IR-780 in methanol at 0.15 mg/mL as control. Typical IPMs, free IR-780 in PBS (pH 7.4) and free IR-780 in methanol were photographed. Then, the absorption spectra of IPMs, free IR-780 in PBS (pH 7.4) and free IR-780 (1.5 µg/mL) were analyzed with a UV-visible spectrophotometer (UV-2450, Shimadzu, Japan).
Then, the thermal images and temperature changes of IPMs were recorded using an infrared thermal camera (A150-15-M, Irtech Ltd). The saline control, free IR-780 suspension and IPMs (0.15 mg/mL of IR-780) were exposed to 808 nm laser irradiation (MDL-N-10W, Changchun New Industries, China) at a power density of 3.0 W/cm 2 for the measurements. Thermal images were captured, and temperature changes were recorded.
In vivo distribution of IPMs in a lymph metastatic breast cancer model
The in vivo distribution of IPMs was detected in a lymph metastatic breast cancer model by using an in vivo imaging system (IVIS Spectrum, Perkin-Elmer). The lymph metastatic breast cancer model was developed as described above. The lymphatic metastasis was detected as swelled lymph nodes at 12 d after inoculation. IPMs were administered to the tumorbearing mice via tail vein injection at 1.5 mg/kg IR-780. At specific time intervals, mice were anesthetized with pentobarbital sodium and imaged under the in vivo imaging system. At 4.0 h after injection, mice were autopsied, and the major organs, including the heart, liver, spleen, lungs, kidneys, tumor and lymph nodes, were carefully removed. These samples were rinsed with PBS (pH 7.4) and analyzed under the in vivo imaging system. By contrast, mice without any treatment underwent the same procedure and were imaged as the negative control.
In vivo tumor and lymphatic metastasis targeting visualized with a laser confocal scanning microscope (LCSM) The in vivo tumor and lymphatic metastasis targeting of IPMs was further measured under LCSM (Fluoview FV 1000, Olympus, Japan). IPMs were intravenously administered in the lymph metastatic breast cancer model at 1.5 mg/kg IR-780. At 4.0 h after injection, the tumors and metastatic lymph nodes were carefully collected for detection. These samples were rinsed with PBS (pH 7.4) and frozen in cryoembedding medium (OCT) for subsequent sectioning at 15 μm (CM1950, Leica). These sections were mounted onto glass slides and stained with DAPI (blue, Beyotime) and phalloidin-FITC (green, Beyotime) according to the manufacturer's protocols. Afterwards, the sections were observed under a LCSM, and the fluorescence signals of IPMs were recorded to examine the distribution in these organs, especially in tumor tissues and lymph nodes.
In vivo PTT of lymphatic metastasis in breast cancer
The inhibitory effects of IPMs on primary tumor growth and lymphatic metastasis was measured in lymph metastatic breast cancer models. The tumor-bearing mice were developed as described above. At 6 d after inoculation, mice were randomly divided into four groups (n=5) and were respectively treated with a single treatment of saline control, saline+Laser, IPMs and IPMs+Laser at 1.5 mg/kg IR-780. At 4.0 h after injection, the tumor tissues from saline+Laser and IPMs+Laser treated groups were exposed to 808 nm laser at 3 W/cm 2 for 5 min. The temperature variations and thermal images of the tumor were detected under an infrared thermal camera. At d 12 after laser irradiation, the primary tumor and metastatic lymph nodes from each group were carefully collected, photographed and weighted to calculate the inhibition rate on tumor growth and lymphatic metastasis of breast cancer. Afterward, the metastatic lymph nodes were evaluated by histological examinations with H&E staining to confirm the lymphatic metastasis. The metastatic lesions presented as cell clusters with darkly stained nuclei. In addition, the body weights of the tumor-bearing mice were recorded every three days.
Statistical analysis
All results are presented as the mean±standard deviation (SD).
Statistical analysis was performed using two-tailed Student's t-tests. The differences were considered significant at P<0.05.
Results and Discussion
Preparation and characterization of IPMs IPMs were prepared from IR-780 and DSPE-PEG2000 through a self-assembly technique. The IPMs morphology was visualized with FE-TEM ( Figure 1A) , which showed that IPMs were homogenous nanometer-sized particles. The IPMs particle size distribution was further assessed by image analysis. Statistical image analysis of more than 40 individual IPMs indicated that the average IPMs particle size was 25.6±4.0 nm. Owing to the interference of IR-780 with the DLS analysis, the size distribution of blank micelles without IR-780 was evaluated ( Figure 1B ). The blank micelles had a hydrodynamic diameter of 15.3±5.9 nm with a PDI of 0.154, and they had a zeta potential value of -5.1±0.8 mv. Considering the vital role of the particle size in tumor targeting, the small IPMs size may be promising for targeting lymph nodes in breast cancer [25] [26] [27] [28] . Moreover, the IPMs encapsulation efficiency and drug loading capacity of IR-780 were determined by fluorescence analysis. The measured results indicated that the IPMs EE of IR-780 was 95.17%±0.08%, and the drug loading capacity was 1.40%±0.01%. These experimental results suggested the high encapsulation of IR-780 in the small IPMs.
Then, IPMs were incubated with distilled water, PBS at pH 7.4 and PBS (pH 7.4) with 10% FBS at 37 °C (with 15 µg/mL IR-780) to evaluate their stability in the physiological solutions. At predetermined time intervals, the EE values of IR-780 in IPMs were measured to assess the stability. When IPMs were incubated with PBS at pH 7.4 and PBS (pH 7.4) with 10% FBS, the EE values of IR-780 in IPMs were 95.69%±0.11% and 95.50%±0.12%, respectively, values comparable to that in distilled water. As shown in Figure 1C , the EE values of IPMs in these three media had scarcely changed at 4.0 and 24.0 h after dilution. Moreover, the fluorescence intensities of IPMs in these media were measured ( Figure 1D ). When IPMs were incubated with PBS (pH 7.4) and PBS (pH 7.4) with 10% FBS, the fluorescence intensity of IPMs was scarcely changed compared with that in water. In addition, the fluorescence intensity of IPMs was not changed at 4.0 h or 24.0 h after incubation ( Figure 1D ). These experimental results suggested good stability of IPMs in these physiological solutions over time; thus IPMs are suitable for further in vivo evaluations.
Typical photographs of IPMs, free IR-780 in methanol and free IR-780 in PBS (pH 7.4) (0.15 mg/mL of IR-780) showed that IR-780 was easily precipitated in PBS (pH 7.4), but no precipitation was detected in IPMs and IR-780 in methanol (Figure 2A ). The precipitation of IR-780 in PBS (pH 7.4) may have been due to the poor water-solubility, thus suggesting that the free IR-780 suspension could not be used for in vivo measurements. Then, the absorption profiles of these samples at 1.5 µg/mL IR-780 were detected ( Figure 2B ). The free IR-780 in PBS (pH 7.4) exhibited negligible absorption in the NIR regions ( Figure 2B ). However, when IR-780 was loaded into the polymeric micelles, IPMs showed strong absorption in the NIR region, at a level comparable to that of free IR-780 in methanol ( Figure 2B ). Then, the in vitro heat-generating capacity of IPMs was determined after exposure to 808 nm laser irradiation ( Figures 2C and 2D) . The typical thermographic images of IPMs after laser irradiation are shown in Figure  2C . After 808 nm laser irradiation, the IPMs temperature was clearly increased to 52.6±1.3 °C, a temperature much higher than that for free IR-780 in PBS (pH 7.4) and the saline control ( Figure 2D ). These results effectively verified the efficient heat-generating capability of IPMs with NIR laser irradiation. Thus IPMs holding great potential for further in vivo PTT applications.
In vivo targeting to lymphatic metastasis in breast cancer
To evaluate the in vivo targeting capability of IPMs to tumor sites and metastatic lymph nodes, the in vivo distribution was evaluated in a metastatic breast cancer model ( Figure 3A) . The 4T1 murine cells, one of the most aggressive metastatic breast cancer cell lines, were used to develop the metastatic breast cancer model [29] [30] [31] [32] . Free IR-780 easily precipitated in PBS (pH 7.4) at 0.15 mg/mL (as shown in Figure 2A ), thus preventing its applicability for various in vivo measurements. The captured images showed that the fluorescence signals were present in the feet with inoculation of 4T1 cancer cells, but they were not detected in the control feet without tumor inoculation. Moreover, the fluorescence intensity in the tumor gradually increased with time and peaked at 4.0 h after injection. Then, mice were autopsied at 4.0 h after injection, and the major organs were carefully collected for detection under an in vivo imaging system ( Figure 3B) . The fluorescence signals were readily observed in the lungs, kidneys, tumor and lymph nodes with high intensity, thus confirming the good targeting ability of IPMs to the tumor and metastatic lymph node sites. By contrast, no fluorescence signals were detected in the control group. These images verified the efficient targeting of IPMs to the primary tumor and metastatic lymph node sites.
Deep penetration of IPMs in tumor and metastatic lymph nodes
The deep penetration of IPMs into tumor and metastatic lymph nodes was further measured by LCSM (Figure 4 ). IPMs are indicated by red fluorescence signals in the captured images. By contrast, the nuclei are visible in blue, and actin are shown as green signals. In both tumor and metastatic lymph nodes, the red fluorescence signals were extensively observed in the exterior and interior regions of these tissues ( Figure 4 ). As shown in Figure 1C and 1D, the hydrophobic IR-780 was strongly entrapped in IPMs with high encapsulation efficiency and exhibited good stability in various physiological solutions, including water, PBS (pH 7.4) and PBS (pH 7.4) with 10% FBS within 24 h. IPMs were observed as micelles mainly in the tumor sites or metastatic lymph nodes at 4.0 after injection. These results suggested that the small IPMs penetrate into the deep inner sides of the primary tumor or metastatic lymph nodes, thus suggesting that they may achieve therapeutic efficacy.
In vivo therapeutic efficacy toward lymphatic metastasis in breast cancer
The in vivo photothermal efficiency of IPMs was evaluated in a lymph metastatic breast cancer model. The thermographic images and temperature changes in tumor tissues were recorded with an infrared thermal imaging camera ( Figure  5A ). After NIR laser irradiation, the tumor surface temperature was markedly increased to 57.4±2.8 °C in the IPMs+Laser treated group, but it was slightly enhanced to 42.6±0.7 °C in the saline+Laser group ( Figure 5B ). IPMs induced a high photothermal efficiency in vivo after exposure to NIR laser irradiation, thus indicating that they hold great promise in achieving in vivo PTT.
Then, the effectiveness of IPMs in inhibiting tumor growth and lymphatic metastasis of breast cancer was determined. The tumor-bearing mice were administered a single treatment with saline control, saline+Laser, IPMs or IPMs+Laser. Given the in vivo biodistribution profiles in Figure 3 , the tumorbearing mice were exposed to laser irradiation 4.0 h after injection. At d 6 after irradiation, mice were autopsied, and the primary tumor in the foot and metastatic lymph nodes near the primary tumor were carefully removed and weighed to calculate the inhibition rate ( Figure 6 ). Typical photographs of primary tumor and metastatic lymph nodes are shown in Figure 6A and 6C. The weight ratio of primary tumors or metastatic lymph nodes from various groups was compared to that of the saline control ( Figure 6B and 6D) . Compared with the saline control, treatment with the laser alone and IPMs alone had no inhibitory effects on the tumor growth, but the IPMs+Laser treatment resulted in a 70% inhibition of tumor growth. Moreover, the lymph node weight was used to characterize the inhibitory effects on lymphatic metastasis [19, 33, 34] . The laser alone or IPMs alone had minimal inhibitory effects on the lymph node metastasis, but the single IPMs+Laser treatment produced 88.2% inhibition of lymphatic metastasis. Moreover, lymphatic metastasis was determined by histological examinations of metastatic lymph nodes by H&E staining. The metastatic lesions in lymph nodes presented as cell clusters with darkly stained nuclei. As shown in Figure 6E , the metastatic foci were clearly detected in the saline control, laser alone and IPMs alone groups, but they were scarcely observed in IPMs+Laser group, thus suggesting considerable inhibition of IPMs+Laser treatment on lymphatic metastasis of breast cancer. As a result, the IPMs-mediated PTT had efficient therapeutic efficacy toward tumor growth and lymph node metastasis of breast cancer, possibly as a result of the high in vitro and in vivo photothermal efficiency of IPMs with NIR laser irradiation, specific tumor targeting and their deep penetrating capability.
Conclusions
In summary, we developed IPMs with efficient tumor and lymph targeting abilities for potential PTT of lymphatic metastasis in breast cancer. The IPMs are homogeneous nanometersized particles with a mean diameter of 25.6 nm, and they exhibit high heat-generating capability under laser irradiation. In a lymph metastatic breast cancer model, the intravenously injected IPMs accumulated in the tumor and metastatic lymph nodes and penetrated into these tissues. Moreover, a single treatment of IPMs plus laser irradiation significantly inhibited tumor growth and lymphatic metastasis in breast cancer mod- 
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